The energy-per-bit consumption of VCSEL-based optical interconnects has fallen steadily over the years. The basis for continuing this trend will be discussed by examining improvements in component technologies: VCSELs, photodiodes, and integrated circuits.
High-volume production of VCSELs (Vertical-Cavity Surface-Emitting Lasers) began in 1996 and sales of 850-nm VCSEL transceivers quickly rose to over 10 million units per year for use in short-distance (<300m) data communications. Although the fiber-optic data communications market has not been driven by a strong need to reduce power consumption, improvements in the performance of component technologies have resulted in a trend of steadily falling energy-per-bit consumption of VCSEL-based transceivers, as shown by the graph in Figure 1 Not all laboratory research demonstrations directly translate into future products, due to additional commercial constraints such as cost and reliability, but improvements in the component technologies (VCSELs, photodiodes, and integrated circuits) underlie the steady downward trend in energy-per-bit consumption of VCSEL-based transceivers. For example, within the last few years, VCSEL manufacturers have vigorously explored the addition of indium (In) to GaAs quantum wells in the active regions of 850-nm VCSELs. [3, 4] The strain produced when an InGaAs quantum well layer is laterally compressed to match the lattice constant of the GaAs wafer yields higher differential optical gain that increases the modulation bandwidth of the VCSEL. The result is that a VCSEL that employs InGaAs quantum wells can achieve a bandwidth greater than 10 GHz at a drive current of only 1 mA, enabling decreased energyper-bit values, as shown by the eye diagram in Figure 1(b) . [5] Several recent publications have demonstrated VCSELs employing InGaAs quantum wells to achieve energy-per-bit values below 100 fJ/bit. [6] Commercial VCSELs that employ InGaAs quantum wells are just starting to enter the market and are expected to continue pushing down the energy-per-bit consumption of VCSEL-based optical interconnects.
Similarly, continued improvements in integrated circuits (ICs), such as the steadily decreasing channel length of CMOS transistors, also contribute to the trend of decreasing power consumption. At the circuit level, the downward trend in power supply voltages of advanced CMOS ICs accounts for much of the power savings. Additionally, at the device level, the shorter gate length increases the bandwidth, which enables reductions in energy-per-bit consumption due to an increase in bit rate. Improved optoelectronic components, such as low-current VCSELs, allow the gate width to be reduced, which improves bandwidth (bit rates) and decreases capacitive power dissipation. Flip-chip integration of optoelectronic devices with ICs can further minimize electrical parasitics that contribute to energy losses. In the final analysis, integrated circuits account for the vast majority of interconnect power dissipation, so advances in opto-electronic devices contribute somewhat indirectly to lowering the interconnect energy-per-bit values.
In this presentation, we will explore in greater detail how improvements in performance of the component technologies (VCSELs, photodiodes, and CMOS ICs) are expected to continue pushing down the energy-per-bit consumption of VCSEL-based optical interconnects. In particular, where possible, we will present quantitative scaling relationships that show exactly how improvements in a particular device parameter translate into energy-per-bit savings in the optical interconnect link budget.
